Brain-derived neurotrophic factor (BDNF) specifically enhances and maintains the expression of neuropeptide Y (NPY) and somatostatin (SOM) in cultured neocortical neurons . In this article, we examined its effects in viva on neuropeptide expression in various brain regions by injecting BDNF into the cerebroventricle of newborn rats. Repeated administration (2x) of BDNF increased contents of NPY-like immunoreactivity (NPY-LI) and substance P (SP)-LI most markedly in the anterior neocortex by 1 l-an,d 24-fold, respectively, in comparison to values in the animals receiving control injection. A smaller but significant increase was also observed in immunoreactivity for somatostatin (SOM), enkephalin (ENK), and cholecystokinin (CCK). mRNA for NPY, SP, and SOM was similarly upregulated in the anterior neocortex, suggesting that BDNF enhances peptide synthesis rather than inhibiting peptide release or degradation. Among the brain regions examined, however, peptidergic responses to BDNF were different with respect to their spatial distribution and time course. Induction of SP-LI, NPY-LI, and SOM-LI around the injection site was most pronounced in cortical layers ll/lll, layers IV-VI, and layer VI, respectively.
Peptidergic immunoreactivity was also enhanced in other brain regions ipsilateral to the injection site, for example, NPY-LI in the hippocampus, thalamic nuclei, and striatum, and SOM-LI in the striatum. A single injection of BDNF elevated SP-LI to a plateau level within 12 hr while NPY-LI and SOM-LI reached maximum levels at 48 hr, and then all returned to control levels at 88 hr. In contrast, the same dose of NGF had no influences on the neuropeptide levels at 48 hr. These observations suggest that BDNF regulates the development of neuropeptide expression in the CNS in a plastic manner.
[Key words: brain-derived neurotrophic factor, cerebral cortex, cholecystokinin, enkephalin, neuropeptide Y, substance P, somatostatin]
The expression of neurotransmitters and neuropeptides is regulated precisely in a spatial and temporal manner during development (see HBkfelt, 199 1) . Previous studies on the PNS have suggested that the production of neuropeptides is dynam-ically influenced by diffusible protein factors that are synthesized by many cell types including glial cells, target cells, and hematopoietic cells (for review, see Patterson and Nawa, 1993) . For example, NGF controls the expression of substance P and calcitonin gene-related peptide (CGRP) in cultured sensory neurons (Lindsay and Harmar, 1989) . Cholinergic differentiation factor (leukemia inhibitory factor, or LIF) and ciliary neurotrophic factor (CNTF) alter neurotransmitter and peptide phenotypes in sympathetic neurons (LIF: Fukada, 1985; Yamamori et al., 1989; CNTF: Ernsberger et al., 1989; Saadat et al., 1989; Rao et al., 1992) . Ciliary parasympathetic neurons initiate SOM expression by reacting with activin (Coulombe et al., 1993) . These activities can be observed not only during normal PNS development but also induced in response to nerve injury and inflammation (Jonakait and Schotland, 1990; Freidin and Kessler, 1991; Hyatt-Sachs et al., 1993) . These observations in the PNS suggested the possibility that diffusible protein factors could also control expression of neuropeptides in the CNS.
Many pharmacological and physiological studies have demonstrated that neuropeptide expression in the CNS can be regulated by drugs (Bannon et al., 1987; Tempel et al., 1990; Gerfen et al., 199 1; Wahlestedt et al., 199 l) , steroid hormones (Simerly et al., 1987 (Simerly et al., , 1989 Baldino et al., 1988; Kasper et al., 1992) and neuronal activity Agoston et al., 1991; Lindefors et al., 199 1) . Since diffusible protein factors are known to mediate such alterations in neuropeptide expression in the PNS (Fukada 1980; Rao et al., 1992; Shadiack et al., 1992) their effects observed in the CNS could also be indirect to neurons and mediated by such protein factors. However, it has been less clear how diffusible protein factors are involved in regulation of neuropeptide expression in the CNS.
Brain-derived neurotrophic factor (BDNF) was initially identified by its neurotrophic activity on peripheral neurons (Barde et al., 1982) , and its molecular structure has recently been elucidated by cDNA cloning: BDNF, as well as neurotrophin-3 (NT-3) is structurally related to NGF (Leibrock et al., 1989; Hohn et al., 1990; Maisonpierre et al., 1990a; Yancopoulos et al., 1990) . Much interest is now concentrated on these neurotrophic factors in the NGF family with respect to their potential therapeutic application to neurological diseases. mRNA for BDNF and its receptors (trkB gene product) are abundantly expressed throughout the CNS, particularly in the hippocampus and cerebral cortex (Klein et al., 1989 (Klein et al., , 1990 . This suggests physiological importance of BDNF in many brain regions, although the nature. of neuronal response to BDNF remained to be characterized. Neurotransmitter differentiation activity of neurotrophins has been found in septal and striatal neurons:
NGF and BDNF increase ChAT activity (Hefti et al., 1985; Martinez et al., 1985; Mobley et al., 1985; Alderson et al., 1990; Kniisel et al., 199 1) . We have shown that BDNF, but not NGF, regulates neuropeptide expression in cultured neocortical neurons without affecting neuronal survival (Nawa et al., 1992) . The effect of BDNF was dependent on its concentration in culture, and specific for the neuropeptides expressed in neocortical GABAergic neurons . This suggests that BDNF may also play a role in the control of peptidergic expression in the CNS. In the present study, we analyzed the effect in vivo of exogenous BDNF on neuropeptide expression in various brain regions and discussed potential contribution of BDNF to peptidergic development in the CNS.
Materials and Methods
Animal and surgical procedures. Newborn Sprague-Dawley rats l-2 d after birth (Charles River or Taconic Farms) were anesthetized by hypothermia according to Kuhlengel et al. (1990) . The pups were secured to a plaster mold installed in a stereotaxic device (Kopf Instruments, Tuyunga, CA). A 28 gauge stainless steel cannula (Plastic One Inc., Roanoke, VA) was lowered stereotaxically into the lateral ventricle (0.6 mm anterior to bregma, 0.8 mm lateral to midline, and 2.7 mm below skull). This position conforms to the anterior end ofthe lateral ventricle according to the brain atlas of a newborn rat (Paxinos et al., 1991 ) (see also Fig. I ). Two microliters of recombinant human BDNF (10 mg/ml), control protein (turkey immunoglobulin, 50 mg/ml), or saline were injected over 2 min from a 10 ml Hamilton syringe that attached to the cannula. However, some leakage of the samples with cerebrofluids was unavoidable during and after injection, because the thickness ofcerebral cortex surrounding the ventricle is quite thin (about 1 mm) at neonatal stages. Thus, the actual volume of the sample iniected and staved in the-ventricle was calibrated by adding an iodinateh protein (200b cpm of 12SI-NPY) into the BDNF solution. This demonstrated that this nrocedure enadled us to constantly deliver 0.74 f 0.11 ~1 (n = 6) &-a sample solution into the neonatal ventricle. For the first series of experiments, the injection was repeated with the same procedures 2 dafter the first injection. One day after the second injection (postnatal day 5), the pups were killed by CO2 exposure for peptide measurement, RNA analysis and immunohistochemistry.
The total amount of BDNF (approximately 14 fig), which was administered over the 3 d period, was determined according to the doses of neurotrophins whose cerebroventricular injections were reported previously i30 Kg NGF/injection, Moblev et al., 1985 : 12 ug BDNF/d. Alter et al.. 1992 : 4.5 ue BDNFI d, K&e1 et al., 1952 . 'For controls, we used uhoper&ed ia; pups at the same age of the operated rats.
To determine the time course and the dose response, BDNF as well as NGF was administered only once on postnatal day 2, and the brains were dissected after given time periods. We did not observe apparent behavioral abnormality of the animals after these treatments. However, five rats having infection were removed from subsequent analyses. Both BDNF and NGF used for injection was produced in a Chinese hamster ovary cell line and purified to homogeneity as described previously (DiStefano et al., 1992) .
Transmitter/peptide measurement. Brains were taken and immediately transferred into ice-cold Leibovitz (L-15) medium. Under a dissection microscope, anterior cortex (anterior half including the corpus callosum), posterior cortex (posterior half excluding the corpus callosurn), hippocampus, striatum, and hypothalamus were dissected from each brain hemisphere. Each sample was weighed and homogenized with 10 x volume (10 @mg wet tissue) of 50 mM acetic acid containing 1 mM EDTA by trituration with a 200 ~1 pipetman tip. The homogenates were boiled for 5 min to inactivate proteases and then centrifuged. The supematants were stored at -20°C in siliconized microtubes until use. Peptide immunoreactivity was measured by liquid phase radioimmunoassay using 1251-labeled peptide (Du Pont-New England Nuclear, Boston, MA) and anti-peptide antibodies (Amersham. Arlington Heipht. IL, or Cambridge Research Biologica& Inc., Northwich,-UK) asIde: scribed previously in detail (Nawa and Sah, 1990) . The radioimmunoassay system had the sensitive range of 1 O-l 000 pg for NPY, l-100 pg for SP, 3-300 pg for SOM, l-100 pg for ENK, and l-100 pg for CCK. Peptide authenticity was previously confirmed by HPLC (Nawa and Sah, 1990 ).
Northern blotting. Total RNA was extracted from brain tissues by an acid-phenol method (Sambrook et al., 1989) . RNA samples (10 pg) were denatured in 50% formamide. 6% formaldehvde. 20 mM MOPS buffer (pH 7.0), 1 mM EDTA at 65°C for 10 min a& frictionated on a formaldehyde-agarose gel (Sambrook et al., 1989) . RNA in a gel was treated with water for 30 min and transferred onto Biodyne nylon membrane (Pall Scientific, East Hills, NY) with 20 x saline-sodium citrate (SSC) buffer and fixed by exposure to ultraviolet light (Stratalinker, Stratagene Inc.). )2P-labeled cDNA probes were generated using the hexanucleotide random priming method (Feinberg and Vogelstein, 1983) . Hybridization was carried out at 42°C for 12-l 8 hr in a solution containing 50% formamide, 5 x SSC, 5 x Denhardt's solution, and 1% SDS. The membranes were washed with 0.3 x SSC, 1% SDS at 65°C. Radioactivity of a positive RNA band was measured by a Fuji Bioimage Analyzer (Fuji Medical System, Stanford, CT). The membranes were also exposed on x-ray film for display.
cDNA probes for NPY, CCK, and p-actin mRNAs were given by Dr. Sabol (Higuchi et al., 1988) , Drs. Takahashi and Kuwano (Kuwano et al., 1984) , and Dr. Helfman, respectively. All the cDNA probes were prepared to be 400-600 nucleotides long as described previously (Nawa and Sah, 1990) .
Immunostaining of neuropeptides. Brains were fixed in 4% paraformaldehyde solution in 0.1 M sodium phosphate buffer (pH 7.3) for 24-48 hr, and then immersed in 15% sucrose for 1 d and then 30% sucrose for 3 d. Frozen sections (20 Km) were cut coronally with a cryostat (Leitz, Germany) and placed on gelatin-coated slides. For staining of neuropeptide-11, sections were rinsed with phosphate-buffered saline (PBS) several times, and endogenous peroxidase was inactivated with 0.1 M sodium periodate for 10 min followed by 10 mg/ml sodium borohydrate for 15 min. This step was essential for this staining procedure since trapped red blood cells containing a significant amount of peroxidase activity. All the sections were preabsorbed with 5% goat serum for 1 hr at room temperature prior to incubation with antisera. Rabbit antisera directed against SP, NPY, and SOM (Amersham, Arlington Height, IL) were diluted to 1:lOOO with 3% goat serum in 0.5 M NaCl, 10 mM sodium phosphate (pH 7.3), and 0.05% Triton X-100 and put on sections for overnight at 4°C. The sections were then incubated with a biotinylated goat anti-rabbit IgG antibody (Vector, Burlingame, CA), followed by the avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector). The peroxidase activiiy was visualized by incubation with 0.5 mg/ml 3,3'-diaminobenzidine tetrahydrochloride in 0.1 M sodium acetate buffer (pH 7.0) containing 2% nickel sulfate. Preincubation of the anti-peptide antisera with excess amounts of synthetic peptides abolished the immunostaining as described previously (Nawa and Sah, 1990) . The route of the cannula in sections was identified with a pitted cortical surface in the right frontal cortex and red blood cells remaining in the route.
Immunostaining of BDNF. Anti-BDNF antisera were produced by immunizing turkeys with the purified human recombinant BDNF, 200 pg of BDNF in complete Freund's adjuvant was injected subcutaneously into four adult turkeys every month. The titer of the antisera was monitored by an ELISA and specificity of the antisera was confirmed by Western blotting using recombinant NGF, NT-3, and BDNF. All bleeds used in this report were highly specific in these assays and did not show any cross-reactivity to NGF nor NT-3 (data not shown).
At 10, 24, and 48 hr after BDNF injection, the brains were fixed with the paraformaldehyde solution and coronal sections (50 km) were made from the fixed brains. Sections were treated with a blocking solution containing 4% normal rabbit serum, 0.1% Triton X-100, 1% bovine serum albumin (Sigma) in 50 mM potassium phosphate buffer (pH 7.4). The turkey anti-BDNF antisera diluted 1:2500 were added to the sections overnight at 4°C. The sections were then incubated with a biotinylated rabbit anti-chicken/turkey Ig antibody diluted 1: 1500 (Zymed, San Francisco, CA), followed by the avidin-biotin-peroxidase complex (Vectastain ABC kit, Vector). The peroxidase activity was visualized with 3,3'-diaminobenzidine tetrahydrochloride as described above.
Results

Increases of neuropeptides with intraventricular injection of BDNF
To monitor the performance of the cerebroventricular administration, dye solution was injected into anterior end of the lateral ventricle through the frontal cortex (Fig. 1A) . It spread we also confirmed the area where BDNF was distributed after injection. Ten hours after BDNF injection, BDNF significantly diffused into the brain tissues ipsilateral to the injection hemisphere: BDNF-LI was detected in neocortex, septal, hippocampus, and striatum ( Fig. l&-D) . BDNF-LI was also found around the third ventricle, suggesting that BDNF reached some areas of the hypothalamus and lower brainstem. However, diffusion of BDNF as well as the dye into contralateral ventricle appeared to be very limited. A similar spatial distribution of BDNF-LI was observed with a weaker staining intensity 24 hr after injection, while BDNF-LI disappeared after 48 hr (data not shown).
To optimize the effects of BDNF, we injected BDNF twice with 2 d interval. Twenty to 25 hr after the second injection, peptide levels were measured by radioimmunoassay in the following five brain regions, anterior neocortex, posterior neocortex, hippocampus, striatum, and hypothalamus (Table 1 ). The injection of saline and control protein had no effects on neuropeptide levels in all of the brain regions except CCK-LI in posterior neocortex and SP-LI in hypothalamus.
In the anterior neocortex, intraventricular BDNF had greatest effects on all the neuropeptide levels examined, particularly NPY-LI and SP-LI: NPY-LI and SP-LI were increased 10 and 24 times over control values in the BDNF-injected hemisphere, respectively. The contents of NPY-LI and SP-LI increased were almost comparable to their contents in rat adult neocortex (Kanazawa and Jessel, 1976; Allen et al., 1983) . The effects on NPY-LI and SP-LI were widespread over many other brain regions. Smaller but significant upregulation of SOM-LI was found in anterior and posterior neocortex, and striatum. The magnitude of the increases of SOM-LI in contralateral hemispheres was comparable to that in the ipsilateral hemispheres, while increases of both NPY-LI and SP-LI in the contralateral hemisphere Saline, BDNF (7.4 i 1.1 pg), or control protein (37 + 5.5 ~9) was injected into the right lateral ventricle of newborn rats on postnatal days 2 and 4. On postnatal day 5, peptide levels were determined in the following brain regions in the injected hemisphere (ipsi); anterior neocortex (including the frontal and parietal cortex), posterior neocortex (parietal, temporal, occipital, and entorhinal cortices including the amygdala), hippocampus, striatum, and hypothalamus. Only from the BDNF-administered rats, the brain tissues in contralateral side (contra) were also analyzed. After extraction ofpeptides with the acetic acid solution, peptide levels ofNPY-LI, SOM-LI, SP-LI, ENK-LI, and CCK-LI were measured by radioimmunoassay.
Given data represent mean i SEM pg/mg tissue. Numbers of animals analyzed are shown in parentheses. All the data were reproduced in other independent experiments. In the anterior neocortex of the rats receiving control protein (n = 6), content of NPY-LI was 57.3 i 2.6 pg/mg and that of SOM-LI was 45.6 k 5.1 pg/ mg. Statistical analysis was performed for the three experimental groups (unoperated vs saline vs BDNF) using an ANOVA.
Except for NPY and SOM in hypothalamus, CCK and ENK in hippocampus, and ENK in striatum, all neuropeptide levels in other brain regions exhibited significant influence of the treatments (p < 0.010). Second, an influence of each treatment, as well as its effect on the contralateral hemisphere, was analyzed with Student's t test for individual pairs (i.e., normal vs saline, saline vs BDNF, and ipsilateral hemisphere vs contralateral hemisphere). Each result is listed as supersctipt letters on the peptide values of the latter experimental groups. "p < 0.001. "p < 0.005. c&D < 0.01. mRNA levels for the neuropeptides were quantified in each individual animal with Northern analysis shown in Figure  2 . Radioactivity in Northern blot sheets was measured by a Fuji Bioimage Analyzer (BAS 5000). In general, cDNA probes for the neuropeptide mRNAs were 400-600 base pairs long and their specific activity was l-2 x lo9 dpm/pg DNA. These experimental conditions allow us to compare roughly the absolute mRNA levels among the neuropeptides. Data represent mean + SEM dpm/lO fig RNA (n = 3) . Statistical analysis was performed using Student's f test for comparison with the values in saline-injected rats. * p < 0.01. **p < 0.005. *** p i 0.001.
were less pronounced than those in the ipsilateral hemisphere. Modest but significant increases of ENK-LI and CCK-LI were observed only in limited brain regions; anterior neocortex for both peptides, striatum for CCK-LI and hypothalamus for ENK-LI. In summary, the lateral ventricular injection of BDNF increased the neuropeptides most prominently in the anterior neocortex, followed by the posterior neocortex, striatum, hippocampus, and hypothalamus in order of decreasing potency.
Increased expression of mRNA for NPY, SOM, and SP with BDNF administration
To determine whether the elevation in peptide content was reflected by increased mRNA abundance, we measured mRNA levels for precursors ofNPY, SOM, SP, ENK (preproenkephalin A), and CCK in the anterior neocortex. BDNF or saline was injected twice into the lateral ventricle of newborn rats as described before. RNA was extracted from the anterior neocortex of individual animals and analyzed by RNA blotting (Fig. 2) followed by measurement of a signal intensity ( Table 2 ). The injection of BDNF consistently increased mRNA levels for NPY, SOM, and SP in all animals; the most remarkable increase was observed with SP mRNA followed by NPY and SOM mRNAs, which is in agreement with the results for peptide levels shown in Table 1 . In contrast, alteration in mRNA for CCK and ENK was not significant, and P-actin mRNA as an internal control showed the equality in RNA amounts loaded. The observed alteration in contents of CCK-LI and ENK-LI shown in Table  1 is discrepant with this RNA result. It is possible that BDNF regulated these peptide contents at posttranslational levels by changing the rate of processing their precursor proteins or their synaptic release.
Heterogeneous peptidergic responses of cortical neurons to BDNF Using immunohistochemical techniques, we examined a qualitative alteration in the expression of the three neuropeptides, NPY, SOM, and SP, whose peptide contents and mRNA levels were both increased by the BDNF injection. On postnatal day 5, laminar formation in the cortical plate has been almost completed (Berry et al., 1964) . Nissl staining showed that neither the cannula insertion nor sample injection disturbed the laminar structure in almost all neocortical regions except the area along the cannula route (Fig. 3) .
The peptidergic responses of neurons in the cortical layers were regionally heterogeneous among the neuropeptides, especially in the frontal cortex ipsilateral to the injection site. Intracerebroventricular BDNF markedly increased a frequency of NPY-immunoreactive (NPY-ir) cells with large, ovoid somata in cortical layer IV-VI of the frontal cortex in the BDNFinjected animals in comparison with that in the saline-injected animals (Fig. 4A,B,E) . The strongly NPY-ir cells were also found in the frontoparietal cortex of the BDNF-injected animals. They extended darkly stained radial processes to the surface (Fig.  4C,G) , and resembled the process-bearing NPY-ir cells that are observed in the cortical plate of normal rats from embryonic day 20 until postnatal day 4 (Foster and Schultzberg, 1984; Woodhams et al., 1985) . We found another population of BDNFinduced NPY-ir cells, less intensely stained for NPY in layer V in more lateral and dorsal cortex of both hemispheres ( Effects of intraventricular BDNF on neuropeptide mRNAs in the anterior neocottex. Total RNA (10 pg) was extracted from the neocortex of individual pups receiving intraventricular saline (u-c) or BDNF (d-f) twice within 3 d. RNA was separated by 1.2% agarose gel and transferred onto a nylon membrane. The membrane was probed with cDNA for a NPY precursor. Its autoradiograph was taken for display and radioactivity of band was measured by a Fuji Bioimage Analyzer (see Table 2 ). After washing the sheet with boiling water, it was rehybridized sequentially with different probes for SOM, SP, CCK, ENK, and fi-actin mRNAs.
cortex of the BDNF-treated rats. They were round and small, lacking any immunoreactive processes and enriched only in the layer VI including the subplate of the frontal cortex near the cannula route (Fig. 5) . We did not detect any SOM-ir neurons in the other neocortical regions with given immunostaining procedures. The laminar localization of the induced SOM-ir neu- Figure 3 . Cortical laminar structure after intraventricular BDNF administration. Coronal brain sections covering the injected site in the anterior frontal cortex were stained with cresyl violet solution. A, the frontal cortex contralateral to the saline-injected site (control); B, the frontal cortex including cannula route of the BDNF injection; C, the frontoparietal cortex ipsilateral to the BDNF-injected site; D, frontoparietal cortex contralateral to the BDNF-injected site. The cannula route is indicated by a broken line. Note that the saline injection similarly disturbed the cortical laminar structure along the cannula route (data not shown). Scale bars, 50 pm.
rons is in agreement with the previous observation in a normal The induction of SP-LI was most pronounced in layer II/III rat: SOM-ir neurons exist in layer VI and the subplate of the of the frontal cortex ipsilateral to the BDNF-injected hemivisual cortex in first postnatal week, although the frequency of sphere (Fig. 6) . The somata had pseudo-pyramidal shapes and SOM-ir neurons is much lower in normal rats (Eadie et al., their cytoplasm and apical dendrites contained most of the im-1987).
munoreactivity. Punctuate SP-LI was also found in layer V of Figure 4 . Immunohistochemical analysis of NPY-ir neurons in the neocortex. Coronal sections through the neocortex of rats receiving intraventricular saline (A) or BDNF (B-G) were immunostained with anti-NPY antiserum. A, the frontal cortex including a cannula route of the saline injection (control); B, the frontal cortex adjacent to a cannula route of the BDNF injection; C, the frontoparietal cortex ipsilateral to the BDNFinjected site; D, frontoparietal cortex contralateral to the BDNF-injected site. Arrowheads mark the layers containing immunoreactivity. E, highpower view of strong NPY-ir neurons with ovoid somata in layer IV in the ipsilateral frontal cortex; F, high-power view of NPY-ir neurons with large nuclei existing in layer V in the contralateral parietal cortex; G, high-power view of horizontally arranged radial processes originating from layer IV in the frontoparietal cortex. The cannula routes are indicated by broken lines. Scale bars, 50 pm. the neocortex in both hemispheres. In the cerebral cortex of embryonic monkey, SP-ir neurons with pyramidal structures are known to develop normally in layer V (Huntley et al., 1988) . In addition, relatively large SP-ir neurons coexpressing SOM and/or NPY are observed in layers II-III and VI in adult monkey . In the neocortex of adult rats, however, only nonpyramidal GABAergic neurons contains SP-LI (Penny et al., 1986) . Thus, it remains to be determined whether the BDNF-induced SP-ir neurons in layer II/III exist normally during rat development. In addition to the cerebral cortex, increased peptide immunoreactivity was also obvious in other brain regions ipsilateral to the BDNF injected hemisphere. Administered BDNF enhanced staining for NPY-LI in the subfield and in hippocampal CA3 stratum pyramidale ipsilateral to the BDNF-injected side. In contrast, the effect of BDNF on neurons in the CA3 region was less remarkable in the contralateral hemisphere (Fig. 7A,B ) and a few NPY-ir neurons were found only in subfields of the stratum oriens and hilus in saline-injected animal (data not shown). NPY-ir cells are normally seen in the subfield but not found in the CA3 during normal rat development (Foster and Schultzberg, 1984; de Quidt and Emson, 1986) . Only extreme conditions such as brain seizures have been shown to induce NPY mRNA in stratum pyramidale (Gall et al., 1991) . BDNF also enhanced NPY-LI in thalamic nuclei, striatum and SOM-LI in the striatum (Fig. 7A-D) . Again, induction of the peptidergic cells was apparent only in the ipsilateral hemisphere, although this observation of SOM-ir cells is controversial with equal regional SOM levels in both hemisphere (Table 1) . The NPY-ir cells in the striatum had multipolar processes while SOM-ir neurons had smaller somata lacking immunoreactive processes (Fig. 7D,F) . Overall distribution of the peptide immunoreactivity induced and/or increased by BDNF significantly overlapped with the distribution of endogenous peptide expression found during ontogeny of the rat (NPY, Foster and Schultzberg, 1984; SOM, Shiosaka et al., 1982) .
Time course and dose dependency of the peptide increases We analyzed the time course of the peptide increases in the neocortex and striatum (Fig. 8) . After single injection of BDNF into the lateral ventricle, the anterior neocortex and striatum ipsilateral to the injected side were taken for radioimmunoassay at given time periods. In the anterior neocortex, SP-LI exhibited a very rapid increase after BDNF injection, reaching a plateau level within 12 hr after injection. In contrast, SOM-LI and NPY-LI increased linearly with no apparent lag period until 48 hr in the anterior neocortex. In striatum, both peptides displayed a lag period of the induction, but reached the maximum at the same time. Then, all these peptides declined almost to the levels obtained in saline-injected animals during the next 20 hr. The temporal profiles of the induction and reduction in the peptide expression parallel closely those observed in neocortical cultures when BDNF was added and subsequently withdrawn . The reduction in peptide levels was likely to be caused by clearance (degradation) of the injected BDNF in vivo since BDNF-LI disappeared in the brain 48 hr after injection.
To understand the specificity of the BDNF effects, we also administered the same amount (approximately 7 hg) of NGF as well as various doses of BDNF into the ventricle. Their influence on NPY-LI was analyzed in the anterior neocortex (Fig. 9) . NGF did not exhibit a significant effect on NPY-LI. All the other neuropeptide levels were not influenced either (data not shown). In contrast, The l/10 dose of BDNF (about 700 r&animal) still produced an appreciable effect. However, the l/l 00 dose of BDNF (about 70 rig/animal) failed to increase NPY-LI. This result suggests that the administered BDNF did not cross-react with the NGF receptors in the above experiments.
Discussion
In the present study, we have shown that BDNF has a potent neuronal differentiation activity in vivo that increased levels of various neuropeptides in the cerebrum of neonatal rats. In particular, the effects were most prominent for NPY, SP, and SOM: BDNF specifically increased their mRNA levels that presumably led to the enhancement in their de novo synthesis. These observations are consistent with the results obtained previously in cultured neocortical neurons . In contrast, the administration of NGF, saline, and control protein into the ventricle did not elicit appreciable effects on these neuropeptides. Therefore, these results suggest that the observed peptidergic increases were produced by administered BDNF rather than mechanical lesions of the injection or nonspecific chemical stimuli in the sample of BDNF. However, we needed relatively high amounts of BDNF to obtain the appreciable effects in vivo. It contrasts well with the fact that only 20 rig/ml BDNF was required to produce the maximum increase in NPY levels in cultured neocortical neurons. In many previous studies on BDNF in vivo, however, high amounts of BDNF were often infused into the brain to obtain the significant effects (Alter et al., 1992; Kntisel et al., 1992; Morse et al., 1993) . A clear difference of potency in neurotrophins' activities in vivo and in vitro is exemplified by Kntisel et al. (1992) : NGF and BDNF appear to be at least IO-30 times less potent at increasing ChAT activity in septal neurons in vivo than those in culture. It has also been known that the maximal effects of cytokines in vivo are often achieved with the infusion of higher doses of cytokines because of their rapid clearance in serum (Flaharty et al., 1990; Kudo et al., 1990) . Therefore, it is very likely that neurotrophins also degrade rapidly in vivo, and its effective concentrations can be maintained only for a limited time period.
Interestingly, the BDNF effects displayed spatial and temporal difference among the neuropeptides examined. Heterogeneity
The Journal of Neuroscience, June 1994, f4 (6) 3759 in peptidergic responses was most remarkable among the laminar layers in the neocortex. BDNF induced SP-ir neurons in layer II/III, NPY-ir neurons in layers IV-VI and SOM-ir neurons in layer VI. These responses could be interpreted by the following three possibilities.
(1) BDNF bound to different receptor species. (2) Neurons in each layer have only limited plasticity as evidenced by the phenotypes induced. (3) The local availability of BDNF differed among the regions. The first possibility might explain a part of the heterogeneous peptidergic responses. BDNF receptors have been identified as trkB gene products (Glass et al., 1991; Klein et al., 1991) . The trkC receptor is thought to be a high-affinity receptor for NT-3 but also can bind to BDNF with relatively high affinity (Soppet et al., 199 1) . Expression of trkB and trkC mRNAs is initiated in rats before birth (Klein et al., 1989; Ringstedt et al., 1993) . Thus, it is possible that the administrated BDNF reacted to both types of neurotrophin receptors. The expression of trkB mRNA is observed in all cortical layers including layer I in the neocortex of both newborn and adult rats. trkC mRNA is also expressed in all the cortical layers with the highest intensity in layer VI (Merlio et al., 1992; Ringstedt et al., 1993 ). Since we administered relatively high amounts of BDNF into the brain, it is possible that neurons containing trkC receptors in layer VI also cross-reacted with BDNF and might begin to express somatostatin. The fact that the induction of SOM-LI in the frontal cortex was relatively restricted in the area close to the cannula route might suggest such a possibility. The second possibility is of limited neuronal plasticity in peptidergic phenotypes: neurotransmitter/peptide phenotypes had substantially been specified in each neuron at birth. This explanation is most likely and reasonably fits with our results for NPY and SOM. The regional distributions and cellular properties of the induced NPY-ir or SOM-ir neurons are almost consistent with those seen in normal development. BDNF simply enhanced the number of NPY-ir and SOM-ir neurons as well as the intensity of the peptide expression. However, there were some exceptions that do not fit into this explanation: SPir neurons induced in cortical layer II/III and NPY-ir neurons in hippocampal pyramidale. In future experiments, we need to explore the unusual peptidergic expression with BDNF and determine its cellular mechanism.
The third possibility is less likely because a high concentration of BDNF-LI was detected throughout all cortical layers around the cannula route. In other neocortical areas, however, local availability of BDNF may be responsible for the laminar-specific peptidergic responses. We found the induction of NPY-LI and SP-LI only in putative pyramidal neurons in parietal cortex in both hemispheres. It is possible that their projecting axons and their terminals absorbed ventricular BDNF and transported it back to their somata (DiStefano et al., 1992) . Therefore, only these neurons, whose somata were located even in the BDNF- Time (hr) Figure 8 . Time course of neuropeptide increases in the anterior neocortex and striatum. At 0, 12, 24, 48, and 68 hr after BDNF administration, anterior neocortices (A) and striata (B) were taken from the BDNF-injected hemispheres (n = 3), and peptides were extracted from these individual tissues. Peptide contents of SP (solid triangles), NPY (solid circles), and SOM (open squares) in the tissue extracts were measured by radioimmunoassay as described in Materials and Methods. Data represent ratios of the peptide contents in BDNF-treated animals to those in unoperated animals of postnatal day 2. The peptide contents in animals receiving saline injection were measured after 48 hr and their ratios are plotted as controls on the right edge. deficient brain areas, were able to respond to BDNF and altered their neuropeptide expression. Similar arguments can be done for the peptidergic responses in other brain regions. Many NPY-ir neurons are known to exist in the hypothalamus (arcuate and median eminence in the hypothalamus) of both newborn and adult rats (Foster and SchultzDose (yg injected) Figure 9 . BDNF dose dependency and NGF effect on neuropeptide Y induction. Various doses of BDNF as well as 7.4 + 1.1 pg of NGF were administered into the ventricle of neonatal rats (n = 4) as described above. After 48 hr, NPY was extracted from anterior neocortices ipsilateral to the BDNF-injected site, and levels of NPY-LI were determined by radioimmunoassay. Levels ofNPY-LI were compared to those in saline-injected animals and their mean ratios to those control values were plotted. t, NCF failed to exhibit a statistically significant effect on NPY-LI (1.20 f 0.08-fold). ***, P < 0.001; *, P < 0.01. berg, 1984; Woodhams et al., 1985) . However, we failed to detect any appreciable influence of BDNF on NPY-LI in the hypothalamus with radioimmunoassay (Table 1) and by immunohistochemistry (data not shown). BDNF has previously been administered into the ventricle of adult rats and was found to have no effect on mesencephalic dopaminergic neurons (Kniise1 et al., 1992) which is controversial with the effects of BDNF directly administered into this region (Alter et al., 1992) . This contradiction argues that diffusion of BDNF to the third ventricle was limited and a significant amount of BDNF was not delivered to the hypothalamus.
In hypothalamic regions around the third ventricle, however, BDNF-LI was significantly detected in our experiment.
Our radioimmunoassay data demonstrated that hypothalamic neurons have already expressed a high amount of NPY at neonatal stages. The results imply the possibility that, at newborn stages, most of the hypothalamic neurons may have reached their maturity and lost their plasticity in neuropeptide expression. Therefore, they might fail to change NPY levels in response to BDNF.
How can these results be interpreted in peptidergic development of normal rats? In rat CNS, mRNA for BDNF is detected abundantly in most of the brain regions at late embryonic stages (Maisonpierre et al., 1990b; Friedman et al., 199 1) . The expression of BDNF mRNA is found relatively uniformly in all the neocortical layers as that of trkB receptor mRNA is. Thus, it is unlikely again that local supply of endogenous BDNF specifies spatial patterns of NPY and SOM expression in normal rats. Our results rather suggest that endogenous BDNF permissively might enhance development of the peptidergic expression in the particular neuronal population. Maisonpierre et al.( 1990b) found abundant expression of NT-3 mRNA in the brain at newborn stages. We have shown that NT-3 also exhibits a similar peptidergic differentiation activity in culture, although the potency of NT-3 is about 10 times less than that of BDNF . Thus, it is possible that endogenous BDNF and NT-3 may both contribute to the peptidergic development in the CNS. During rat development, the NPY-ir neurons with radial processes emerge in the cortical plate in the frontoparietal (rostrolateral) cortex from embryonic day 17 until postnatal day 4 (Foster and Schultzberg, 1984; Woodhams et al., 1985) . Intraventricular administration of BDNF made these neurons reappear in the same region on postnatal day 5. We have demonstrated that the peptidergic differentiation activity of BDNF is distinct from its neuronal survival promoting activity reported previously on other types of neurons . Thus, administered BDNF presumably elevated NPY expression in these transient neurons. Our observations support the idea that these neurons stop the phenotypic expression of NPY rather than they cause cell death in late developmental stages (Woodhams et al., 1985) . Such peptidergic neurons with transient appearance have also been identified previously in developing cat telencephalon. These cells are located in the subplate and display NPY-LI or SOM-LI within a limited time period (Chun et al., 1987) . It would be intriguing to administer BDNF into cat lateral ventricle and examine its effect on these transient cells.
The excitatory neurotransmitter glutamate enhances BDNF production in cultured hippocampal, neocortical, and cerebellar neurons through different types of glutamate receptors (Zafra et al., 1990 (Zafra et al., , 1991 Bessho et al., 1993) . Administration of the glutamate analog, kainate, into the brain induces seizure and increases the expression of BDNF in adult rats (Isackson et al., 199 1; Dugich-Djordjevic et al., 1992) . Concomitantly, levels of NPY and SOM are increased in the neocortex (Marksteiner and Sperk, 1988; Olenic et al., 1989; Bellmann et al., 1991; Gall et al., 1991) suggesting that neuronal activity can also regulate neuropeptide expression. There are some other evidences for the activity dependency of neuropeptide expression: TTX blockade of visual inputs reduces SP-LI in visual cortex of monkey and repeated electroconvulsive shock increases substance P expression in ventral periaqueductal gray (Lindefors et al., 199 1) . The neuropeptides NPY, SOM, and SP increased by neuronal activity are identical to those influenced by BDNF in the present experiment. This coincidence implies that BDNF may mediate the activity-dependent neuropeptide expression, or that BDNF conversely increased neuronal excitability and subsequently elevates the neuropeptide expression. The fact that BDNF, as well as NT-3, acutely enhances neurotransmitter release from nerve terminals of motor neurons (Lohof et al., 1993) might support the latter possibility. In our culture experiments, however, glutamate receptor blockers MK-80 1 and 6-cyano-7-dinitroquinoxaline, or TTX blocked spontaneous neuronal activity (Murphy et al. 1992 ) but did not prevent the BDNF-mediated induction of NPY and SOM H. Nawa, unpublished observation) . This culture result argues that BDNF directly regulates, at least, NPY and SOM expression. Gall et al. (199 1) reported an intriguing result on time dependency of seizure-induced neurotrophin and neuropeptide expression. After recurrent limbic seizures, BDNF and NGF mRNAs in the hippocampus exhibit maximal induction within 3 hr, while onset of ENK and NPY mRNA induction in the hippocampus lags 3 hr and 6-10 hr behind the neurotrophin induction, respectively. A potential explanation is that ENK expression is purely activity-dependent while NPY expression is primarily controlled by BDNF. A report that neuronal activity directly regulates ENK expression in culture supports this explanation (Agoston et al., 1991) . In this context, the SP induction in the present experiments might be also activity dependent because it similarly exhibited a very rapid onset in its time course. All these observations suggest that there are multiple intercellular signaling pathways that regulate neuropeptide expression in the CNS.
Taking the above discussions together with our present results, we can speculate that neurotrophic factors and neuronal activity mutually interact to each other and control complex neuropeptide expression in the CNS.
